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Matrix metalloproteinases (MMPs) are known to play a
role in cell growth, invasion, angiogenesis, metastasis,
and bone degradation, all important events in the
pathogenesis of cancer. Multiple myeloma is a B-cell
cancer characterized by the proliferation of malignant
plasma cells in the bone marrow, increased angiogen-
esis, and the development of osteolytic bone disease.
The role of MMPs in the development of multiple my-
eloma is poorly understood. Using SC-964, a potent in-
hibitor of several MMPs (MMP-2, -3, -8, -9, and -13), we
investigated the role of MMPs in the 5T2MM murine
model. Reverse transcriptase-polymerase chain reac-
tion demonstrated the presence of mRNA for MMP-2, -8,
-9, and -13 in 5T2MM-diseased bone marrow. Mice bear-
ing 5T2MM cells were given access to food containing
SC-964. The concentration of SC-964 measured in the
plasma of mice after 11 days of treatment was able to
inhibit MMP-9 activity in gelatin zymography. Treat-
ment of 5T2MM-bearing mice resulted in a significant
reduction in tumor burden, a significant decrease in
angiogenesis, and partially protective effect against the
development of osteolytic bone disease. The direct role
of MMPs in these different processes was confirmed by
in vitro experiments. All these results support the mul-
tifunctional role of MMPs in the development of multi-
ple myeloma. (Am J Pathol 2004, 165:869–878)

Multiple myeloma (MM) is a B-cell cancer characterized
by the proliferation of malignant plasma cells in the bone
marrow (BM) and the presence of a monoclonal immu-

noglobulin in the serum (paraprotein). MM cells produce
osteoclast-activating factors and angiogenic factors,
which result in the development of osteolytic lesions and
the formation of new blood vessels (angiogenesis). The
factors regulating these events are only now becoming
clear but include cytokines, growth factors, adhesion
molecules, and proteinases. Matrix metalloproteinases
(MMPs) are a family of enzymes with �24 members.
Members of the MMP family have been implicated in the
progression of a number of malignancies.1–3 The protein-
ases are able to degrade many components of the ex-
tracellular matrix leading to invasion, metastasis, and
angiogenesis.4–6 MMPs are also known to release ma-
trix-bound growth factors resulting in tumor growth.7,8 In
myeloma, it has been shown that tumor cells from pa-
tients with MM and from 5T33MM mice, bearing murine
myeloma cells, secrete MMP-9 and that this secretion is
induced by the interaction of MM cells with the BM mi-
croenvironment.9–11 BM stromal cells from patients with
MM are also an important source of MMPs, mainly MMP-
2.12 The demonstration that myeloma cells express
MMPs raises the possibility that they play a role in certain
processes in MM; homing, tumor growth, invasion, osteo-
lytic bone disease, and angiogenesis.13 MMP inhibitors
provide valuable tools to investigate the role of MMPs in
these processes and might also be useful as anti-cancer
agents. Endogenous tissue inhibitors of MMPs (TIMPs)
tightly control MMP activity. The balance between MMPs
and TIMPs regulates the net proteolytic activity. This bal-
ance is disturbed in pathological circumstances such as
cancer. TIMPs are able to inhibit invasion, metastasis,
tumor growth, and angiogenesis,14–16 but they have also
been shown to promote tumor progression.17 Consider-
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able effort has been put into the development of synthetic
MMP inhibitors. SC-964 is a potent inhibitor of several
MMPs with IC50s of 0.2 nmol/L, 56.5 nmol/L, 1.0 nmol/L,
�0.1 nmol/L, and 0.2 nmol/L against MMP-2, -3, -8, -9,
and -13, respectively, but was designed to be highly
sparing of MMP-1 (IC50 of 3883 nmol/L) to avoid induc-
tion of the musculoskeletal syndrome.18 Recent results
demonstrated that SC-964 is a potent inhibitor of angio-
genesis in the mouse basic fibroblast growth factor-in-
duced corneal micropocket model. SC-964 has been
tested in several models of human cancer. Growth of the
human prostate (PC3) tumor and human breast carci-
noma (MDA-MB-435) was significantly inhibited by treat-
ment of tumor-bearing mice with SC-964. SC-964 is able
to decrease B16 melanoma lung metastasis. No data are
available in models of hematological malignancies. The
compound has not been tested in clinical trials. Because
MM remains incurable, new approaches for therapy are
necessary. To study the pathobiology of MM, we use the
murine 5T2MM model.19–21 In the present study, we in-
vestigated the role of MMPs in the pathogenesis of MM
by treating mice, bearing 5T2MM cells, with the broad-
spectrum MMP inhibitor SC-964.

Materials and Methods

Mice

C57BL/KaLwRij mice were purchased from Harlan CPB
(Horst, The Netherlands) and housed under conventional
conditions. They were treated according to the conditions
approved by the Ethical Committee for Animal Experi-
ments, Vrije Universiteit Brussel (license no. LA1230281).

5T2MM Model

5TMM cells originated spontaneous in elderly C57Bl/KaL-
wRij mice.22 The disease can be transplanted by isolation
of the BM of the diseased mice followed by intravenous
transfer into young syngeneic mice. Using this method,
several 5TMM models have been developed with similar
characteristics that were found in humans. For example,
the tumor cells are localized in the BM and mice have a
serum paraprotein that reflects tumor load. Angiogenesis
is increasedandmicedeveloposteolytic lesions.19–21,23,24

Two 5TMM lines, 5T2MM and 5T33MM have been exten-
sively characterized by our group25 of which the 5T2MM
model most closely resembles the most common form of
human MM.

RNA Isolation and cDNA Synthesis

The BM of 5T2MM-diseased mice was isolated and
5T2MM cells were purified by density gradient centrifu-
gation as previously described.26 B-end3 is an endothe-
lioma cell line kindly provided by Dr. Y. St.-Pierre (INRS,
University of Quebec, Laval, Canada). Total RNA from
5T2MM and b-end3 cells was isolated using the SV total
RNA isolation system (Promega Corp., Madison, WI) ac-
cording to the manufacturer’s instructions. Heart and
uterus were isolated from a C57Bl/KaLwRij mouse and
total RNA was extracted using TRIzol reagent (Gibco, Life
Technologies, Gent, Belgium). The concentration and pu-
rity of RNA was determined by spectrophotometric mea-
surement (Gene Quant II; Pharmacia Biotech, Cam-
bridge, UK). Total RNA (1 to 5 �g) was converted into
cDNA using the superscript first-strand synthesis system
(Gibco, Life Technologies) with random hexamers as
primers.

Polymerase chain reaction (PCR) for MMP-2, -3, -8, -9,
and -13 was performed with specific primers (Table 1)
(kindly provided by Dr. Y. St. Pierre) in a 25-�l reaction
mix containing 2.5 �l of 10� NH4 reaction buffer (Bioline,
London, UK); 2 mmol/L MgCl2 (Bioline) for MMP-2, -8, -9,
and -13; 1 mmol/L MgCl2 for MMP-3; 200 �mol/L dNTPs
(Bioline); 300 nmol/L of primers; 0.5 U Red Taq polymer-
ase (Bioline); and 1 �l cDNA. In the reaction mix for the
MMP-3 PCR 5 �l of 5� high-specific additive (Bioline)
were added. Cycle parameters for MMP-2 and -9 PCR
were 94°C for 30 seconds, 58°C for 30 seconds, and
72°C for 1 minute (40 cycles); for MMP-3 PCR 94°C for 30
seconds, 55°C for 30 seconds, and 72°C for 2 minutes
(40 cycles); for MMP-8 and -13 PCR 94°C for 1 minute,
60°C for 1 minute, and 72°C for 1 minute (35 cycles).
Amplicon length for MMP-2, -3, -8, -9, and -13 was,
respectively, 705, 673, 420, 380, and 559 bp.

Treatment of 5T2MM-Bearing Mice with
SC-964

SC-964 was prepared as an admixture in mouse chow by
the Pharmacia Formulation Group. It was tested for sta-
bility in chow and shown to virtually 100% recoverable as
parent after 30 days storage. Mice were given free ac-
cess to food (n � 17) or food containing 1600 ppm
SC-964 (Pfizer, St. Louis, MO) (n � 18) 1 day before
injection of 5T2MM cells. Age- and sex-matched mice
(naı̈ve) were included as controls (n � 18). 5T2MM cells
(1.5 � 106) were injected intravenously into each mouse.

Table 1. Sequences of the Primers Used in PCR for MMP-2, -3, -8, -9, and -13

Sense sequence Anti-sense sequence

MMP-2 CTTTGCAGGAGACAAGTTCTGG TTAAGGTGGTGCAGGTATCTGG
MMP-3 ATTGCATGACAGTGCAAGGG TGGAGGACTTGTAGACTGGG
MMP-8 ACACTAACCTGACCTACTGG GGTAGTGAATAGGTGCTGGG
MMP-9 CCATGAGTCCCTGGCAG AGTATGGATGTTATGATG
MMP-13 CCTCCACAGTTGACAGGCTC GCCAGTGTAGGTATAGATGG
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After 11 days of treatment, the concentration of SC-964
was measured in the plasma of the animals by mass
spectrometry. Standards were prepared in mouse
plasma. Plasma from mice was combined with acetoni-
trile containing an internal standard, mixed, centrifuged,
and the supernatant was applied to a Metachem/Ansys-
Metasil AQ 5� C18 120A 050 � 020 column equilibrated
with 0.1% formic acid in water and eluted with a gradient
of acetonitrile in water. Eluate from the chromatography
was analyzed using an Applied Biosystems Sciex 2000
triple quadrupole Mass Spectrometer (M�H � 501.1)
and the data analyzed with the Sciex 2000 Analyst. On
development of paralysis (11 weeks after injection of
tumor cells), all mice were sacrificed. Hind and fore legs
were dissected and used for determination of tumor load,
microvessel density (MVD), and bone disease. For in vitro
experiments, SC-964 was solubilized in dimethyl sulfox-
ide (DMSO) at 10 mmol/L and stored at �20°C.

Assessment of Tumor Load

The BM was flushed from a hind leg and treated with
NH4Cl to lyse red blood cells. The percentage of 5T2MM
cells in this cell suspension was determined by mem-
branic flow cytometry staining with anti-idiotype monoclo-
nal antibodies as previously described.25 Isotype-
matched antibodies were used as controls.

Assessment of Angiogenesis by MVD

MVD was determined as previously described.21 Briefly,
fore legs were fixed in zinc fixative for 48 hours and
decalcified for 4 days. The material was embedded in
paraffin and sections were cut. Slides were immuno-
stained for CD31 to visualize the blood vessels and sinu-
soids in the BM. The endogenous peroxidase was
quenched and trypsinization was used for antigen re-
trieval. The slides were preincubated with normal goat
serum followed by incubation with primary antibody (PE-
CAM-1; Becton Dickinson Pharmingen, LA) and second-
ary antibody (biotin-conjugated goat anti-rat-specific
polyclonal immunoglobulin, 554014; Becton Dickinson
Pharmingen). Tyramide signal amplification (TSA; NEN
Life Science Products, Boston, MA) was used to enhance
the signal intensity. Chromogenic visualization was ac-
complished through the use of a streptavidin-horseradish
peroxidase conjugate followed by diaminobenzidine. Hot
spots were selected on CD31-immunostained sections
and the number of blood vessels was counted using a
microscope eyepiece graticule (area � 0.20 �m2).

Assessment of Bone Disease

Bone disease was determined as previously de-
scribed.27 The femur and tibia were fixed in 4% formalin
and radiographed using a Faxitron X-ray system (Hewlett
Packard, McMinnville, OR). X-rays were scanned using
an UMAX PowerLook 1100 Scanner (Umax Systems, Wil-
lich, Germany) and images were enlarged. The number
of osteolytic lesions was counted manually.

For histological and histochemical analysis, the femur
and tibia were decalcified in ethylenediaminetetraacetic
acid and embedded in paraffin. Sections (3 �m) were cut
and stained with hematoxylin and eosin. Cancellous bone
area was determined as a proportion of the total area in
the distal femoral metaphysis and proximal tibial metaph-
ysis using a Leica QWin image analysis system (Leica
Microscope Systems, Milton Keynes, UK). To identify
osteoclasts, sections of tibia and femur were also stained
for the presence of tartrate-resistant acid phosphatase
(TRAP) and counterstained with Gill hematoxylin. Be-
cause cancellous bone is almost completely removed in
5T2MM-diseased mice, only osteoclasts lining corticoen-
dosteal bone surfaces were assessed. The number of
osteoclasts present on 3 mm of each corticoendosteal
surface, beginning 0.5 mm from the growth plate, was
counted.

Gelatin Zymography

Serum-free RPMI 1640 media (BioWhittaker, Verviers,
Belgium) conditioned for 24 hours by 5T2MM cells (1 �
106 cells/ml) were electrophoresed under nonreducing
conditions using 10% sodium dodecyl sulfate-polyacryl-
amide gels containing 1 mg/ml of gelatin (Merck, Darm-
stadt, Germany). After electrophoresis, the gel was
washed twice in 2% Triton X-100 for 30 minutes to remove
sodium dodecyl sulfate. After overnight incubation in 0.05
mol/L of Tris buffer (pH 7.6) containing 10 mmol/L CaCl2
and 3 mmol/L NaN3, gels were stained with Coomassie
brilliant blue and destained in 40% methanol/10% acetic
acid. Gelatinolytic activity was identified as a clear band
on a blue background. Supernatant from human fibrosar-
coma HT1080 cells was used as positive control for the
detection of MMP-2 and MMP-9. The 72-kd band corre-
sponds to MMP-2, the 92-kd band to MMP-9. Mouse
MMP-9 has a molecular mass of 110 kd, hence it is
located higher on the gel than human MMP-9 (92 kd).

Thymidine Incorporation Assay

5T2MM cells (4 � 104 cells/well) were plated in a 96-well
plate in co-culture with BM fibroblasts irradiated with
1500 rad in the presence of 0.6% DMSO (vehicle) or 6
�mol/L SC-964. Cells were pulsed with 1 �Ci of (methyl-
3H) thymidine (Amersham, Buckinghamshire, UK) and 16
hours later harvested with a cell harvester (Inotech,
Wohlen, Switzerland) on filters (FiltermatA; Wallac, Turku,
Finland). Filters were dried for 1 hour at 60°C and sealed
in sample bags (Wallac) containing 4 ml of Optiscint
scintillation liquid (Wallac). Radioactivity was measured
using a 1450 Microbeta liquid scintillation counter (Wal-
lac). Results are expressed as the total number of counts
and corrected for the counts generated by BM fibroblasts
alone.

Annexin V/Propidium Iodide Staining

5T2MM cells (106 cells/ml) were incubated with 6 �mol/L
SC-964 or 0.6% DMSO for 6 and 20 hours. The percent-
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age of apoptotic cells was determined by staining with
annexin V-FITC (5 �l/105 cells; BD Pharmingen, Erembo-
degem, Belgium) and propidium iodide (100 ng/ml/105

cells) followed by flow cytometry.

In Vivo BM Homing

5T2MM cells were labeled with chromium-51 as de-
scribed previously.28 Cells (0.5 � 105) were injected
intravenously into mice pretreated for 4 days with vehicle
or 1600 ppm SC-964. After 18 hours, the mice were
sacrificed and kidneys, spleen, liver, lungs, ribs, verte-
brae, and legs were collected. The radioactivity of each
organ was measured in a gamma counter (MR480C/TP
ITM; Van Hopplynus, Brussels, Belgium).

Assessment of Angiogenesis by Rat Aortic Ring
Assay

The rat aortic ring assay was performed as previously
described.21,29 Briefly, thoracic aortas were removed
from rats and sectioned into aortic rings of 1-mm long.
The ring-shaped explants were then embedded in a rat
tail interstitial collagen (type 1) gel (Collagen R; Serva,
Heidelberg, Germany) and allowed to polymerize in cy-
lindrical agarose wells. Aortic rings (triplicates) were kept
in culture at 37°C in 6 ml of medium conditioned for 48
hours by 5T2MM-diseased BM in the presence of 0.6%
DMSO (vehicle) or 6 �mol/L SC-964. After 1 week images
were taken from the triplicates under the microscope.
Image analysis was performed on a Workstation Sun
SPARC30, using the software Visilog5.0 from Noesis ac-
cording to Blacher and colleagues.29 After generation of
a binary image, the number of microvessels (Nv), the
maximal microvessel length (Lmax), and the total number
of branchings (Nb) were determined automatically.

Osteoclast Resorption Assay

Peripheral blood of female MF1 mice was used as a
source of peripheral blood mononuclear cells. Circulating
mononucleated cells were isolated by Ficoll-Histopaque
(Sigma, Poole, UK) gradient centrifugation (838 � g, 20
minutes, 4°C). The mononuclear cells were plated at 1 to
2 � 105 cells on glass coverslips or dentine slices in a
96-well plate in 100 �l of �-MEM (Invitrogen, Paisley, UK)
containing 10% fetal calf serum (Sigma), 1% penicillin
(Invitrogen), 1% streptomycin (Invitrogen), and 1% am-
photericin (Invitrogen). After 2 hours the nonadherent
cells were washed away and the coverslips and dentine
slices were transferred into a 24-well plate containing 1
ml of �-MEM, 10% fetal calf serum, 100 �g/ml dexameth-
asone (Sigma), 25 ng/ml M-CSF (R&D, Abingdon, UK),
and 30 ng/ml RANKL (Peprotech, London, UK). 0.6%
DMSO (vehicle) or 6 �mol/L SC-964 was added after 24
hours of incubation. The cultures were fed on days 4 and
7. The coverslips were harvested on day 7 and the cells
were stained for the TRAP (Sigma). The dentine slices
were incubated for 10 days, treated with trypsin for 10

minutes at 37°C, and left in NH4OH for at least 4 hours.
The dentine slices were then sonicated and pits pro-
duced by resorbing osteoclasts were stained with tolu-
idine blue. Each condition contained four dentine slices.
Pits were counted in five areas of each dentine slice.

Statistical Analysis

For statistical analysis, the Mann-Whitney test was used.
P � 0.05 was considered significant.

Results

Expression of MMP mRNA in
5T2MM-Bearing Mice

SC-964 is a potent inhibitor of MMP-2, -3, -8, -9, and -13.
Therefore, we investigated whether these MMPs were
expressed in the BM of 5T2MM-bearing mice. The mean
purity of 5T2MM cells in the BM samples was 90 � 3.6%.
Reverse transcriptase (RT)-PCR demonstrated expres-
sion of mRNA for MMP-2, -8, -9, and -13, but not of
MMP-3 (Figure 1) in BM cells isolated from 5T2MM mice.

Treatment of 5T2MM-Bearing Mice with
SC-964

MMPs were shown to be expressed in the BM of mice
bearing MM. By inhibiting MMPs it is possible to investi-
gate their role in the development of MM. Mice injected
with 5T2MM cells were given access to food or food
containing 1600 ppm SC-964. After 11 days of treatment,
SC-964 was detected in the plasma at a mean concen-
tration of 6 � 1.5 �mol/L (n � 8). To establish whether this
concentration of SC-964 was able to inhibit MMP-9, gel-
atin zymography was performed. Overnight incubation of

Figure 1. RT-PCR of MMP-2, -3, -8, -9, and -13. A: BM cells of 5T2MM-
diseased mice. B: Positive control (b-end3 cells, heart, uterus, b-end3 cells,
and uterus for, respectively, MMP-2, -3, -8, -9, and -13). C: Negative control
(no reverse transcriptase during cDNA synthesis).
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the gel with 0.6% DMSO (control) demonstrated MMP-9
secretion by 5T2MM cells and HT1080 cells, the positive
control (Figure 2A). However, overnight incubation of the
gel with 6 �mol/L SC-964 inhibited MMP-9 activity (Figure
2B). Thus, 6 �mol/L SC-964 was used for subsequent in
vitro experiments.

MMPs Play a Role in MM Growth

Tumor burden in the BM of mice treated with vehicle or
SC-964 was determined by measuring the percentage of
5T2MM cells by flow cytometry. Flow cytometric analysis
of 5T2MM idiotype-positive cells demonstrated a relative
decrease of tumor load by 29% in 5T2MM-bearing mice
treated with SC-964 compared to vehicle (Figure 3A).
Since the treatment of mice started 1 day before injection
of 5T2MM cells, the decrease in tumor burden could be
because of an inhibition of homing of the 5T2MM cells to
the BM. In vivo homing experiments, performed as de-
scribed in Material and Methods, demonstrated no differ-
ence in homing in mice treated with vehicle (8.81 �
3.96%, n � 2) and SC-964 (10.07 � 3.78%). Subse-
quently, the influence of MMP inhibition on the prolifera-
tion of tumor cells was measured by 3H-thymidine incor-
poration. 5T2MM cells are dependent of the stroma and
tumor cells co-cultured with BM fibroblasts are able to
divide and grow.26 5T2MM cells were co-cultured with
irradiated BM fibroblasts in the presence of vehicle
(DMSO) or SC-964. Incubation with SC-964 for 16 hours
resulted in a minor decrease in 3H-thymidine incorpora-
tion compared to incubation with vehicle (Figure 3B). Two
of three experiments are statistically significant. Annexin
V/propidium iodide staining followed by flow cytometry
did not reveal any effect of SC-964 on the apoptosis of
5T2MM cells after 6 and 20 hours (data not shown),
indicating that the decreased values of 3H-thymidine in-
corporation were because of decreased proliferation and
not decreased survival.

MMPs Promote Angiogenesis

It has been demonstrated that angiogenesis is induced in
MM both in human MM samples30 and in the 5TMM
murine model.21 CD31 immunostaining of the BM from
5T2MM-diseased mice treated with vehicle (Figure 4B)
demonstrated an increase in blood vessel density com-
pared to staining of the BM from naı̈ve mice (Figure 4A).
This increase of the MVD was prevented in 5T2MM mice

treated with SC-964 (Figure 4C). The number of blood
vessels counted in 5T2MM-bearing mice was signifi-
cantly increased compared to naı̈ve mice (Figure 4D).
There was a highly significant inhibition of 77% of new
blood vessel formation in mice treated with SC-964 com-
pared to mice treated with vehicle (Figure 4D) indicating
that the MVD in the treated mice is almost back to the
MVD counted in naı̈ve mice. The direct role of MMPs in
angiogenesis was further demonstrated in the rat aortic
ring assay. Rat aortic rings cultured in conditioned me-
dium of 5T2MM-diseased BM treated with vehicle
(DMSO) exhibit a significant number of capillaries (Nv �
18.1 � 0.59) with considerable branchings (Nb � 12.3 �
7.42) (Figure 5A). In contrast, aortic rings cultured in
conditioned medium supplied with SC-964 exhibit fewer
capillaries (Nv � 7.2 � 4.48) with less branchings (Nb �
0.8 � 0.23) (Figure 5B). In addition, the maximal length of
vessels was significantly reduced by MMP inhibitor treat-
ment (0.3 � 0.02 mm versus 0.8 � 0.1 mm in control
conditions). The differences were statistically significant
with P � 0.02 for Nv and P � 0.006 for Nb and Lmax.

Figure 2. Gelatin zymography of media conditioned by 5T2MM cells. The
gel was incubated overnight with 0.6% DMSO (A) or 6 �mol/L SC-964 (B).
Conditioned medium of HT1080 cells was used as positive control.

Figure 3. A: The effect of MMP inhibition by SC-964 on tumor burden in
5T2MM-bearing mice. The percentage of 5T2MM cells in the BM was mea-
sured by flow cytometry with anti-5T2MM idiotype antibodies. Each group
contained 17 animals. Error bars represent SD. B: The proliferation of 5T2MM
cells as measured by 3H-thymidine incorporation. 5T2MM cells were incu-
bated with irradiated BM fibroblasts in the presence of vehicle (0.6% DMSO)
or 6 �mol/L SC-964. Results represent the mean � SD of quintuplicates.
Results from three independent experiments are shown. P values of 0.009,
0.754, and 0.0209 were calculated for, respectively, experiments 1, 2, and 3.
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Blocking of MMPs Inhibits the Development of
Bone Disease

It has been previously demonstrated that injection of
5T2MM cells leads to the development of osteolytic bone
disease.27 Several aspects in the development of bone
disease were investigated. Radiographical analysis of
5T2MM-diseased mice treated with vehicle demon-
strated a significantly increased number of osteolytic le-
sions in the tibia and femur (Figure 6, B and D, top)
compared to naı̈ve mice in which osteolytic lesions were
absent (Figure 6, A and D, top). Treatment of mice bear-
ing 5T2MM cells with SC-964 resulted in a significant
decrease in the number of osteolytic lesions (Figure 6, C
and D, top). Most of the osteolytic lesions were detect-

able in the tibia. The cancellous bone volume was mea-
sured in the proximal tibial metaphysis and the distal
femoral metaphysis of naı̈ve mice and 5T2MM-diseased
mice treated with vehicle or SC-964. Injection of 5T2MM
cells and treatment with vehicle resulted in an almost
complete loss of cancellous bone in the tibial metaphysis
(Figure 6B, bottom) compared to naı̈ve mice in which the
cancellous bone remained intact (Figure 6A, bottom). In
5T2MM-diseased mice treated with SC-964 the decrease
in cancellous bone induced by the presence of 5T2MM
cells was partially prevented (Figure 6C, bottom). The
cancellous bone area was measured by image analysis.
Results are given in Figure 6D (bottom). Similar results
were obtained in the femoral metaphysis, but they were
not statistically significant (results not shown).

Figure 4. The effect of MMP inhibition by SC-964 on angiogenesis. CD31 immunostaining of BM from a fore leg of a naı̈ve mouse (A), a 5T2MM-diseased mouse
treated with vehicle (B), and a 5T2MM-diseased mouse treated with SC-964 (C). The number of CD31-positive blood vessels was counted in the BM of naı̈ve mice
and 5T2MM-diseased mice treated with vehicle or SC-964 (D). Mean � SD values of 18, 16, and 18 animals for, respectively, naı̈ve, 5T2MM � vehicle, and 5T2MM
� SC-964 are shown. Scale bars, 200 �m.

Figure 5. Photomicrographs of rat aortic rings
cultured in collagen gels in the presence of
medium conditioned by 5T2MM-diseased BM
with vehicle (0.6% DMSO) (A) or 6 �mol/L
SC-964 (B). Photomicrographs from one exper-
iment, representative of two, are shown. Nv,
number of microvessels; Nb, total number of
branching; Lmax, maximal microvessel length.
Results represent the mean value � SD of two
independent experiments performed in tripli-
cate. Scale bars, 1 mm.
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To investigate if MMP inhibition has an effect on oste-
oclast formation, osteoclasts were stained for TRAP and
counted at the corticoendosteal bone surface. In naı̈ve
mice, few osteoclasts (2.49 � 1.41, n � 10) were found
on this surface. However, in mice injected with 5T2MM
cells and treated with vehicle the number of TRAP-posi-
tive cells (6.17 � 1.90, n � 8) was increased. In 5T2MM-
bearing mice treated with SC-964, the number of oste-
oclasts (4.69 � 2.62, n � 7) was decreased, but this was
not statistically significant. The activity of osteoclasts can
also be measured by the osteoclast resorption assay in
vitro. The percentage of bone resorption in dentine slices
treated with SC-964 (6 �mol/L) was relatively decreased
by 60% compared to vehicle (0.6% DMSO) dentine slices
(Figure 7).

Discussion

MMPs are thought to be implicated in several processes
in MM, but the exact role of the enzymes has not yet been
identified. The 5T2MM mouse model is a good tool to
study the role of MMPs in MM progression. SC-964 is a

Figure 6. The effect of MMP inhibition on osteolytic bone disease. Top: Radiograph of femur and tibia from a naı̈ve mouse (A), a 5T2MM-diseased mouse treated
with vehicle (B), and a 5T2MM-diseased mouse treated with SC-964 (C). Arrows indicate the presence of osteolytic lesions. The number of osteolytic lesions was
counted in the femur and tibia of naı̈ve mice and 5T2MM-bearing mice treated with vehicle or SC-964 (D). Mean � SD values of 12, 17, and 16 animals for,
respectively, naı̈ve, 5T2MM � vehicle, and 5T2MM � SC-964 are shown. Bottom: Section of the tibia from a naı̈ve mouse (A), a 5T2MM-bearing mouse treated
with vehicle (B), and a 5T2MM-bearing mouse treated with SC-964 (C). The trabecular bone area was measured in the tibia (D). Mean � SD values of 18, 15,
and 18 mice for, respectively, naı̈ve, 5T2MM � vehicle, and 5T2MM � SC-964 are shown. Original magnifications, �4.

Figure 7. Percentage of bone resorption determined by counting pits on
dentine slices incubated with DMSO or SC-964. Each condition contained
four dentine slices. Pits were counted in five independent areas in each
dentine slice. Results from one representative experiment of two are shown.
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competitive substrate inhibitor that inhibits MMP-2, -3, -8,
-9, and -13. In 5T2MM-diseased BM enriched for 5T2MM
cells, mRNA expression of MMP-2, -8, -9, and -13 was
detected, but no MMP-3. This is consistent with previous
reports. Indeed, MMP-8, -9, and -13 have been demon-
strated in human MM cell lines and patients9,31 and
MMP-2 in BM stromal cells.9 Although MMP-2 mRNA was
detected in 5T2MM-diseased BM, no MMP-2 protein was
detected by gelatin zymography. Because the sensitivity
of RT-PCR is higher than zymography, MMP-2 positivity in
RT-PCR might be because of the production of MMP-2 by
the contaminating stromal cells. Or the level of MMP-2
production is below the level of detection in the activity
assay. MMP-8 and -13 can initiate the degradation of
collagen types I, II, and III. The resulting cleavage prod-
ucts are denatured at body temperature to gelatin that
can be further degraded by MMP-2 and -9. The gelati-
nases are also able to degrade collagen types IV and V.
MMPs are secreted as inactive proenzymes and are ac-
tivated extracellularly by proteolytic cleavage. The uPA/
plasmin system is involved in the activation of proMMPs.
Recent results demonstrated that uPA is expressed by
5T2MM cells,32 indicating that the MMPs in the BM can
be activated. By inhibiting MMPs in the 5T2MM mouse
model, we were able to determine which process may be
regulated by MMPs in MM.

SC-964 treatment of mice injected with 5T2MM cells
resulted in a decrease in tumor burden in the BM. This
decrease was not because of a decreased homing of the
5T2MM cells to the BM. The in vitro proliferation of 5T2MM
cells in co-culture with irradiated BM fibroblasts was
slightly decreased in the presence of SC-964. The iden-
tity of the specific MMP involved in the regulation of tumor
growth remains unknown. One possibility is that the re-
lease of growth factors from the extracellular matrix is
inhibited by SC-964. Interleukin (IL)-6 and insulin-like
growth factor-1 (IGF-1) are important growth factors for
MM. Shedding of IL-6 receptor (IL-6R) and insulin-like
growth factor binding protein-3 (IGFBP-3) is the result of
proteolytic activity.8,33 The soluble IL-6R caused by
shedding of the receptor from the cell membrane binds to
IL-6 leading subsequently to an increased proliferation of
MM cells.34 It is possible that shedding of IGFBPs in-
creases the bioavailability of IGF-1 resulting in increased
tumor growth. The inhibition of shedding of IL-6R and
IGFBPs might thus result in a decline of tumor growth.
These are the subjects of further studies.

It has recently been suggested that angiogenesis or
neovascularization may play an important role in hema-
tological malignancies.35 Angiogenesis, as measured by
MVD, has been demonstrated in MM patients30 and in the
5TMM mouse model.21 Moreover, BM MVD also appears
to be a prognostic factor in MM patients.36 In this study,
treatment of 5T2MM-diseased mice with SC-964 resulted
in an almost complete prevention of new blood vessel
formation or angiogenesis. Rat aortic ring assays dem-
onstrated a direct role of MMPs in neovascularization.
Previous studies in other cancers already indicate that
MMPs may play a role in angiogenesis.37–39 Degradation
of the basement membrane, endothelial cell migration
through the extracellular matrix followed by sprout elon-

gation, lumen formation, and extracellular matrix remod-
eling require proteolytic activity. The influence of MMPs
on angiogenesis can also be mediated by their effects on
proangiogenic factors such as vascular endothelial
growth factor.40 MMP-9 can trigger the angiogenic switch
during carcinogenesis by releasing vascular endothelial
growth factor from an extracellular reservoir.

One of the main characteristics of MM is the develop-
ment of an osteolytic bone disease. In the present study,
we demonstrated that inhibition of MMPs in 5T2MM-dis-
eased mice resulted in a reduction in the number of
osteolytic lesions. Treatment with SC-964 partially inhib-
ited the decrease of cancellous bone volume induced by
the presence of tumor cells. These results are consistent
with data recently reported in a model of prostate cancer
bone metastasis. Treatment with the broad-spectrum
MMP inhibitor batimastat in a SCID-human model of pros-
tate cancer metastasis prevented degradation of miner-
alized trabeculae and reduced the number of oste-
oclasts.41 There are a number of possible mechanisms
that may contribute to the decrease in bone disease
associated with MMP inhibition. First, MMPs are thought
to participate in the recruitment of osteoclasts to sites of
resorption.42 Second, MMPs themselves produced by
MM cells or BM stromal cells participate in bone resorp-
tion.43,44 Third, MM cells produce factors responsible for
stimulating osteoclastic bone resorption. The decrease in
tumor load seen after MMP inhibition may therefore indi-
rectly result in a decrease of bone disease. To investigate
this, we examined the effect of SC-964 in in vitro oste-
oclast assays. The activity of osteoclasts was inhibited in
the presence of SC-964. These results suggest that
MMPs in MM invaded BM can influence the activity of the
osteoclasts.

In conclusion, we could demonstrate that MMPs have
a multifunctional role in the pathogenesis of MM. MMP
inhibition not only resulted in reduction of tumor growth,
but also had a significant effect on neovascularization
and bone disease development. In vitro investigations
confirmed that this inhibition was able to affect these
processes directly. However, it is possible that indirect
effects also occur. Treatment of MM-bearing mice with
Fc-OPG or zoledronic acid resulted in a similar decrease
of tumor load and osteolytic lesions.45,46 The reduction of
tumor burden in the BM was not because of a direct
effect of the two agents on MM cell proliferation. As
already mentioned, MM cells produce osteoclast-activat-
ing factors. A decrease in tumor load may therefore result
in a decrease of bone disease. On the other hand, the
increased osteolytic activity in MM causes the release of
several cytokines from the bone matrix, including IL-6,
IGF, transforming growth factor-�, and basic fibroblast
growth factor. These factors can enhance tumor growth
and angiogenesis. In SC-964-treated animals the number
of osteoclasts was decreased, but not significantly, sug-
gesting the possibility that MMP activity is required for
osteoclast formation and that this may indirectly affect
tumor burden. Our group (unpublished results) and oth-
ers have found a correlation between tumor load and
angiogenesis.47 Whether a decrease in osteolytic bone
disease has an influence on angiogenesis or the reverse
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needs to be explored further. To investigate if SC-964
might have clinical usefulness, a therapeutic setting
where treatment starts from the onset of the disease
(appearance of serum paraprotein), is necessary. Al-
though MMP inhibitors were very effective in models of
solid cancer, clinical trials were disappointing. However,
it is now known that the functions of MMPs are complex.
Recently, it has been demonstrated in a T-cell lymphoma
model that an inhibitor with greater selectivity/specificity
for MMP-9 in vitro showed greater efficacy against liver
metastasis in vivo.48 In this study, a relatively broad-
spectrum MMP inhibitor is used and it cannot be ex-
cluded that the inhibitor is inhibiting other metalloprotein-
ases such as ADAMs. Additional studies are necessary
to determine exactly which MMPs are involved in the
different processes and at which stage of the disease to
finally start clinical trials. It has been demonstrated that
several MMPs are involved in the development of MM
and that these enzymes might be interesting therapeuti-
cal targets.
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